The cytosolic sulfotransferases (SULTs) catalyze the sulfate conjugation of nucleophilic substrates, and the cofactor for sulfonation, 39-phosphoadenosine-59-phosphosulfate (PAPS), is biosynthesized from sulfate and ATP. The phenotype of male knockout mice for the NaS1 sodium sulfate cotransporter includes hyposulfatemia and increased hepatic expression of mouse cytoplasmic sulfotransferase Sult2a and Sult3a1. Here we report that in 8-week-old female NaS1-null mice, hepatic Sult2a1 mRNA levels were ∼51-fold higher than they were in a wild-type liver but expression of no other Sult was affected. To address whether hyposulfatemia-inducible Sult2a1 expression might be due to reduced PAPS levels, we stably knocked down PAPS synthases 1 and 2 in HepG2 cells (shPAPSS1/2 cells). When a reporter plasmid containing at least 233 nucleotides (nt) of Sult2a1 59-flanking sequence was transfected into shPAPSS1/2 cells, reporter activity was significantly increased relative to the activity that was seen for reporters containing 179 or fewer nucleotides.
Introduction
The cytosolic sulfotransferases (SULTs) are conjugating enzymes that catalyze the transfer of a sulfonate moiety from the physiologic sulfate donor 39-phosphoadenosine-59-phosphosulfate (PAPS) to an appropriate nucleophilic substrate (Falany, 1997) . Aside from its longrecognized function as a xenobiotic detoxifying enzyme, emerging evidence suggests that hepatic hydroxysteroid sulfotransferase (SULT2A) enzymes play critical roles in lipid and energy metabolism. SULT2A enzymes are transcriptionally regulated by and modulate the activities of nuclear receptors that are involved in hepatic lipid signaling. For example, we previously demonstrated that human hepatic SULT2A1 is transactivated by peroxisome proliferatoractivated receptor a (PPARa) (Fang et al., 2005) , a nuclear receptor that is activated by certain fatty acids (e.g., unsaturated C:18 fatty acids and arachidonic acid) and leukotriene LTB4 (Lin et al., 1999) . We also have shown that human SULT2A1 catalyzes the sulfonation of 24-hydroxycholesterol to 3-and 24-sulfates and that these metabolites antagonize activation of the oxysterol receptor liver X receptor (LXR) (Cook et al., 2009 ). The pregnane X receptor (PXR) orchestrates the expression of gene expression networks involved in not only hepatic drug metabolism but also in lipid and energy metabolism (Bhalla et al., 2004; Kodama et al., 2007; Zhou et al., 2008; Moreau et al., 2009) . PXR is activated by both xenobiotic and endogenous ligands such as steroid hormones, bile acids, fat-soluble vitamins, pharmaceuticals, and environmental contaminants such as phthalates Lehmann et al., 1998; Staudinger et al., 2001; Landes et al., 2003; Hurst and Waxman, 2004) . Through interactions with the transcription factor hepatocyte nuclear factor 4a (HNF4a), PXR negatively regulates the transcription of human hepatic SULT2A1 (Fang et al., 2007) , thus influencing the ability of SULT2A1 to titrate lipid signaling and homeostasis in the liver.
PAPS production is entirely dependent on the cellular availability of sulfate. The obligate cofactor for sulfate conjugation, PAPS is biosynthesized through the action of PAPS synthases (PAPSS) 1 and 2. These bifunctional enzymes first use their sulfurylase domains to catalyze the reaction of ATP with inorganic sulfate to form adenosine 59-phosphosulfate, and then the PAPSS enzymes use their kinase domains to catalyze the reaction of adenosine 59-phosphosulfate with another molecule of ATP to form PAPS (Venkatachalam, 2003) .
Sulfate, an essential macronutrient, is the fourth most abundant anion in human plasma and is readily filtered and reabsorbed in the kidney (Markovich, 2011a) . To understand the physiologic consequences of disrupted sulfate homeostasis, a sulfate transporter knockout mouse model was engineered with impaired sulfate reabsorption in the kidney (Dawson et al., 2003) . Sulfate conjugation is important for biotransformation of xenobiotic and endogenous compounds as well as for the production of structural components essential for normal physiologic function. Despite the importance of sulfate, the regulatory pathways responsible for sulfate homeostasis are not well understood. Genetically engineered mice with knockedout NaS1 sodium sulfate cotransporter [solute carrier family 13 (sodium/sulfate symporters), member 1 (Slc13a1)] display hyposulfatemia and hypersulfaturia due to loss of renal sulfate reabsorption (Markovich, 2011a) . The phenotype of NaS1-null mice underscores the widespread role of sulfate in normal physiology and includes a range of systemic impairments that affect fertility, circulating steroid hormone levels, intestinal barrier function, locomotion, cognitive ability, and oncogenesis (Markovich, 2011a) . NaS1-null mice also display significant disturbances in hepatic lipid metabolism, and microarray analysis has revealed altered hepatic expression of several genes involved in lipid homeostasis as well as upregulation of Sult2a2 and Sult3a1 . The mechanism that is responsible for increased hepatic Sult2a expression under conditions of hyposulfatemia is unknown; however, given the aberrancies in hepatic lipid homeostasis that are most likely produced by the hyposulfatemia, the hypothesis is that lipid-sensing transcription factors in the liver may double as "sulfate sensors" during periods of metabolic stress. We 1) evaluated in greater detail the regulation of Sult genes in this mouse model, 2) developed a cell culture model to address the impact of depletion of the SULT cofactor PAPS on Sult2a1 transcription, and 3) investigated the mechanism(s) responsible for PAPS-depletion-mediated Sult2a1 transcriptional activation.
Materials and Methods

NaS1
Mice. Breeder pairs of NaS1 +/2 mice were mated, and NaS1 +/+ and NaS1 2/2 offspring were identified using DNA that was isolated from ear punch and/or tail-tip tissue using the DNeasy Blood and Tissue Kit (Qiagen, Valencia, CA). The DNA was analyzed by polymerase chain reaction (PCR) as described previously elsewhere (Dawson et al., 2003) . At 8 weeks of age, female NaS1
and Nas1 2/2 mice were anesthetized with pentobarbital sodium, and their livers were perfused briefly with phosphate-buffered saline, dissected, frozen in liquid nitrogen, and stored at 280°C. Quantitative Reverse Transcription-Polymerase Chain Reaction Analysis of Sult Expression. Total RNA was prepared from ;15 mg samples of frozen liver using the RNeasy Mini Kit (Qiagen). Levels of Sult2a1 (RefSeq NM_001111296) mRNA were measured using a SYBR-green-based quantitative reverse transcription-polymerase chain reaction (qRT-PCR) assay that specifically detects this transcript, as previously described elsewhere (Kocarek et al., 2008) . Levels of Sult1a1 (Assay ID Mm01132072_m1), Sult1b1 (Mm01213937_m1), Sult1c1 (Mm00450613_m1), Sult1c2 (Mm00471849_m1), Sult1d1 (Mm00502035_m1), Sult1e1 (Mm00499178_m1), Sult2b1 (Mm00450550_m1), Sult3a1 (Mm00491057_m1), Sult4a1 (Mm00489166_m1), Sult6b1 (Mm01233044_m1), PAPSS1 (Mm00442283_m1), and PAPSS2 (Mm00442295_m1) mRNA were measured using the indicated TaqMan Gene Expression Assays (Applied Biosystems/Life Technologies, Grand Island, NY). All TaqMan Gene Expression Assays were performed as described previously elsewhere (Fang et al., 2007) using undiluted (for Sult1a1) or a 1:10 dilution (for all other genes) of reverse transcription reaction as the template and a StepOnePlus Real-Time PCR System (Applied Biosystems/Life Technologies).
Reporter Plasmids. A fragment of the Sult2a1 gene spanning from 21202 nt (nucleotide) upstream of the transcription start site (as considered by the 59 position of the Sult2a1 RefSeq NM_001111296) to 46 nt downstream of the transcription start site (which was 8 nt upstream of the translation start site) was prepared by PCR using mouse genomic DNA as the template, the primers shown in Supplemental . A plasmid containing a mutation of the IR0 (inverted repeat of AGGTCA, with 0 intervening bases) motif at nt 2191 to 180 (GGGTCAT-GAACT to GGGTCAactAgT) was prepared using the QuickChange II SiteDirected Mutagenesis Kit (Agilent Technologies, Santa Clara, CA) and the primers shown in Supplemental Table 1. The indicated mutation introduced an SpeI site (ACTAGT) into the sequence, which facilitated the identification of clones containing the mutation. The sequences of all constructs were verified using the sequencing services of the Applied Genomics Technology Center at Wayne State University (Detroit, MI).
The XREM-CYP3A4-Luc (responsive to PXR), FXRE-Luc (responsive to FXR), and CYP4A1-PPRE-Luc (responsive to PPARa) reporter plasmids have been described elsewhere (Kocarek and Mercer-Haines, 2002) . A reporter plasmid containing a 101 nt fragment of the sterol regulatory element-binding protein-1 promoter with an LXR response element (Repa et al., 2000) was prepared by PCR using mouse genomic DNA as the template and the primers shown in Supplemental Table 1. The PCR fragment was digested with MluI and BglII and ligated into the corresponding sites of the pGL3-Promoter luciferase reporter plasmid (Promega). A reporter plasmid containing three copies of the human secreted protein, acidic, cysteine-rich (SPARC) retinoidrelated orphan receptor (ROR) response element (RORE) (hereafter designated RORE reporter plasmid) was prepared essentially as described by Chauvet et al. (2011) . The oligonucleotides shown in Supplemental Table 1 were annealed and ligated into the XhoI and BglII sites of pGL4.27[luc2P/minP/Hygro] (Promega).
Preparation of PAPSS and SULT2A1 Knockdown HepG2 Cells. A HepG2 cell clone engineered for stable knockdown of PAPSS1 and PAPSS2 (shPAPSS1/2 cells) was prepared using Mission shRNA Lentiviral Transduction Particles (Sigma-Aldrich, St. Louis, MO). HepG2 cells were first transduced with a recombinant lentivirus expressing PAPSS1 shRNA (TRCN0000010180), selected with 1.5 mg/ml puromycin, and cloned by limiting dilution. A clone with ;88% reduction of PAPSS1 mRNA level (as determined using TaqMan Gene Expression Assay Hs00968937_m1) relative to the level measured in cells transduced with lentivirus expressing a nontargeting shRNA (shNT cells) was then transduced with lentivirus expressing PAPSS2 shRNA (TRCN0000045487), selected with 70 mg/ml puromycin, and cloned by limiting dilution. A clone with ;86% reduction of PAPSS2 mRNA level (TaqMan Gene Expression Assay Hs00190682_m1) was selected for use. PAPSS1 and PAPSS2 protein knockdown in this clone was confirmed by Western blot hybridization.
Western blot analysis was performed using 40 mg whole cell lysate protein. Proteins were separated on Precise Protein Gels (4-20%) (Thermo Fisher Scientific, Rockford, IL) and transferred onto polyvinylidene difluoride membranes. PAPSS primary antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). The PAPSS1 antibody (K-14) was an affinity-purified goat polyclonal antibody raised against a peptide mapping within an internal region of PAPSS1 and was used at a dilution of 1:500, and the PAPSS2 antibody (N-16) was an affinity-purified goat polyclonal antibody raised against a peptide mapping near the N-terminus of PAPSS2 and was used at a dilution of 1:800. A horseradish peroxidase-conjugated donkey anti-goat IgG (Santa Cruz Biotechnology) was used as the secondary antibody at a 1: 5000 dilution. To demonstrate consistency of loading and transfer, the blots were reprobed with a rabbit polyclonal antibody against glyceraldehyde-3-phosphate dehydrogenase (FL-335; Santa Cruz Biotechnology) at a 1:2000 dilution, and a horseradish peroxidase-conjugated goat anti-rabbit IgG (Santa Cruz Biotechnology) as the secondary antibody. Immunoreactive proteins were visualized by enhanced chemiluminescence.
To prepare HepG2 cells with reduced expression of SULT2A1 (shSULT2A1 cells), HepG2 cells were transduced with a recombinant lentivirus expressing SULT2A1 shRNA (TRCN0000035696), selected with 1.5 mg/ml puromycin, and cloned by limiting dilution. SULT2A1 mRNA levels were measured using the TaqMan Gene Expression Assay Hs00234219_m1, and SULT2A1 protein levels were measured by Western blot hybridization. Samples of whole cell lysate protein (25 mg) were separated on 4% stacking, 12.5% resolving acrylamide gels, transferred onto polyvinylidene difluoride membranes, and developed using a purified anti-SULT2A1 mouse monoclonal antibody (clone 4D7) from Origene (Rockville, MD) as the primary antibody at a 1:5000 dilution and horseradish peroxidase-conjugated goat anti-mouse IgG (Santa Cruz Biotechnology) as the secondary antibody at a 1:20,000 dilution. The blot was then reprobed with a goat polyclonal antibody against b-tubulin (Abcam, Inc., Cambridge, MA) at 1:1000 dilution and a horseradish peroxidaseconjugated donkey anti-goat IgG (Santa Cruz Biotechnology) diluted 1:8000 to establish consistency of loading and transfer.
Transient Transfection Analysis. Approximately 250,000 cells were seeded into the wells of 12-well plates and cultured in 1 ml of Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum, nonessential amino acids, 100 U/ml penicillin, and 100 mg/ml streptomycin (all purchased from Life Technologies) at 37°C under a humidified atmosphere of 95% air and 5% CO 2 . Forty-eight hours later, the culture medium was replaced with 1 ml of Opti-MEM I Reduced Serum Medium (Life Technologies). Then 200 ml was added of a premixed complex of 4 ml Lipofectamine 2000 Transfection Reagent (Life Technologies) and plasmid DNA consisting of selected combinations of the following: 1500 ng nuclear receptor-responsive or Sult2a1 firefly luciferase reporter plasmid, 150 ng pGL3-Promoter (Promega), 50 ng of pcDNA3.1 (Life Technologies), 50 ng RORa1/pCMV6-XL5 (Origene), 1 ng pRL-CMV or pRL-SV40 (Promega), and sufficient pBluescript II KS + (Agilent Technologies) to keep the total amount of DNA constant among samples. The next day, the transfection medium was replaced with 1 ml of fresh supplemented DMEM alone or containing 0.1%
as the FXR agonist, 10 mM rifampicin as the PXR agonist, or 100 mM ciprofibrate as the PPARa agonist. The cells were harvested the next day for measurement of firefly and Renilla luciferase activities using the Dual Luciferase Reporter Assay System (Promega) and a Promega GloMax Luminometer.
When all data comparisons were to be performed within an individual cell line (i.e., shNT, shPAPSS1/2, or shSULT2A1), firefly luciferase/Renilla luciferase ratios were used to make the comparisons. However, in comparing transfection data between the shNT and shPAPSS1/2 cell lines, we found that the firefly/Renilla luciferase ratio that was obtained after transfection with pGL3-Promoter, which expresses firefly luciferase under control of the SV40 promoter, and pRL-CMV, which expresses Renilla luciferase under control of the CMV promoter, varied among the cell lines. For each cell line, we therefore further normalized the firefly/Renilla ratios to the ratio obtained for the pGL3-Promoter and pRL-CMV and compared these normalized values among the cell lines.
RNA Interference. The shPAPSS1/2 cells were cultured as described earlier. Forty-eight hours after seeding, the culture medium was replaced with 1 ml of Opti-MEM I and 200 ml of a premixed complex of 2 ml Lipofectamine 2000 (Life Technologies), 10 pmol FXR siRNA or nontargeting siRNA (ON-TARGET plus SMART pools; Thermo Fisher Scientific), 300 ng FXRresponsive luciferase reporter plasmid or Sult2a1 (2128 or 21202) luciferase reporter plasmid, and 1 ng pRL-CMV. Sufficient pBluescript II KS + (Agilent Technologies) was added to samples not transfected with siRNA to keep the total amount of siRNA + DNA constant. The next day, the transfection medium was replaced with 1 ml fresh DMEM containing 0.1% DMSO or 10 mM GW4064. Cells were harvested 48 hours after transfection for the measurement of firefly and Renilla luciferase activities, as described earlier.
Statistical Analysis. Data were statistically analyzed using Student's t test or one-way analysis of variance (ANOVA) followed by the Newman-Keuls multiple comparison test. P, 0.05 was considered statistically significant.
Results
SULT Expression in NaS1 Mouse Liver. By microarray characterization of the changes in hepatic gene expression in NaS1-null mice relative to their wild-type counterparts, Dawson et al. (2006) reported that Sult2a expression was increased ;2.0-fold and Sult3a1 was increased ;5.9-fold. These measurements were performed in 4-weekold male mice. We evaluated SULT expression in the livers of 8-week-old female NaS1-null and wild-type mice because we have previously shown that the levels of most Sult2a isoforms are negligible in the livers of adult male mice (Kocarek et al., 2008) . For Sult2a, we used a quantitative PCR assay that specifically detects the murine Sult2a transcript that is most abundant in adult female livers (Kocarek et al., 2008) . By this approach, the mean level of Sult2a1 mRNA was ;51-fold higher in the livers of NaS1-null mice than in NaS1 wild-type mice (Fig. 1) .
TaqMan Gene Expression assays were used to measure the amounts of other murine SULTs and of PAPSS1 and PAPSS2. Using cycle threshold (Ct) values as approximations of relative transcript abundance, Sult1a1, Sult3a1, and PAPSS2 were most abundant (Ct values of # 28); Sult1b1, Sult1c2, Sult1d1, and PAPSS1 were detectable in all samples (Ct values of ;30-33); Sult1e1, Sult2b1, and Sult4a1 (reportedly a brain-specific SULT) were detectable in some but not all samples; and Sult1c1 and Sult6b1 were not detectable in most samples. The above results are generally consistent with those reported by Alnouti and Klaassen (2006) using branched DNA signal amplification assays. None of the genes were significantly differently expressed in the NaS1-null relative to the wild-type mouse livers (Fig.  1) . Therefore, in the adult female mouse liver, Sult2a1 expression was selectively upregulated in response to NaS1 knockout-mediated hyposulfatemia.
Regulation of the Sult2a1 Promoter in PAPSS-Deficient HepG2 Cells. We hypothesized that Sult2a1 upregulation is an adaptive response to diminished cellular sulfonation capacity, which occurs because less sulfate is available for the biosynthesis of PAPS, the cofactor for all sulfotransferase-catalyzed reactions. To test this possibility, we developed a hepatic cell model, based on the HepG2 cell line, in which the ability of the cell to biosynthesize PAPS was reduced by RNA interference-mediated knockdown of the PAPS synthase enzymes. Although PAPSS2 is reportedly the major PAPSS expressed in normal liver (Xu et al., 2000) , we detected both PAPSS1 and PAPSS2 in HepG2 cells. Therefore, both PAPSS1 and PAPSS2 were targeted for knockdown. Simultaneous knockdown of both enzymes also eliminated the concern that knockdown of one PAPSS enzyme might result in compensatory upregulation of the other PAPSS enzyme. Figure 2 shows the levels of PAPSS1 and PAPSS2 mRNA and immunoreactive protein in HepG2 cells sequentially transduced with lentiviruses expressing shRNAs targeting PAPSS1 and PAPSS2 (shPAPSS1/2 cells) relative to the levels in cells A series of reporter constructs containing from 128 to 1202 nt of the Sult2a1 promoter was transiently transfected into shNT cells and shPAPSS1/2 cells. When the series was transfected into shNT cells, the promoter activity was not affected by the length of the promoter fragment (Fig. 3A) . However, when the series was transfected into shPAPSS1/2 cells, there was a significant increase in promoter activity when the promoter length was increased from 179 to 233 nt (Fig. 3A) . The 233 nt fragment contains an IR0 motif (GGGTCATGAACT at nt 2191 to 2180) that is known to be important for regulation of rat and mouse SULT2A gene transcription by several nuclear receptors, including PXR, FXR, constitutive androstane receptor, and vitamin D receptor (Song et al., 2001; Sonoda et al., 2002; Echchgadda et al., 2004a,b; Saini et al., 2004; Seo et al., 2007) , while the 179 nt fragment begins immediately downstream of the IR0. To test the role of the IR0 in mediating Sult2a1 upregulation in response to PAPSS1/2 knockdown, the IR0 was mutated in the context of the 1,202 nt fragment (mutated IR0: GGGTCAactAgT). Figure 3B again shows that Sult2a1 promoter activity was significantly increased when the 59-flanking region was increased from 128 to 1202 nt, and also shows that the increase was significantly attenuated when the IR0 was mutated. Mutation of the IR0 also reduced the promoter activity in the control shNT cells, indicating that the IR0 contributed to Sult2a1 promoter activity under both basal conditions and conditions of reduced PAPSS1/2 expression (Fig. 3B) .
Because the transfection data implicated a major role for the IR0 in mediating PAPSS1/2 knockdown-inducible Sult2a1 expression, and because the SULT2A IR0 has been reported to be regulated by several nuclear receptors, we determined the impact of PAPSS1/2 knockdown on the activity of several nuclear receptor signaling pathways by transiently transfecting reporters responsive to LXR, PXR, FXR, ROR, and PPARa into shNT and shPAPSS1/2 cells. PAPSS1/2 knockdown significantly activated the FXR-, ROR-, and PXRresponsive reporters, ;2.5-, 6.8-, and 1.6-fold, respectively (Fig. 4) . We also evaluated the effects of treatments with LXR, PXR, FXR, or PPARa agonists on the reporter containing 1202 nt of the Sult2a1 59-flanking region, with or without an intact IR0. All treatments produced strong activation of a positive control reporter but only GW4064, an FXR agonist, increased expression of the Sult2a1 reporter, and this effect was attenuated when the IR0 motif was mutated (Fig. 5) . The impact of ROR on Sult2a1 promoter activity was assessed by cotransfecting shNT cells with an ROR expression plasmid. While ROR overexpression markedly activated a control ROR-responsive reporter, ROR overexpression did not activate the Sult2a1 reporter (Fig. 5) . Taken together, these results suggest that PAPSS1/2 knockdown caused activation of FXR, ROR, and PXR, but only FXR activation is likely to contribute to PAPSS1/2 knockdown-mediated upregulation of Sult2a1.
To evaluate the role of FXR in PAPSS1/2 knockdown-mediated Sult2a1 upregulation specifically, RNAi was used to knock down FXR expression in shPAPSS1/2 cells. Transfection with FXR siRNA markedly reduced GW4064-mediated activation of a cotransfected FXR-responsive reporter, demonstrating effective FXR knockdown (Fig. 6A) . Transfection with FXR siRNA significantly reduced Sult2a1 promoter activity in shPAPSS1/2 cells cotransfected with the PAPSS knockdown-responsive reporter containing 1202 nt of the Sult2a1 59-flanking region but not the reporter containing 128 nt of the 59-flanking region (Fig. 6B) . Fig. 1 . Hepatic levels of Sult mRNAs in female wild-type and NaS1-null mice. Sult mRNA levels were measured in the livers of 8-week-old female wild-type (WT) and NaS1-null mice as described in Materials and Methods. Bars represent the mean relative mRNA levels 6 S.E.M. from 9 wild-type mice and 10 NaS1-null mice (except for Sult4a1: 8 wild-type and 9 NaS1-null mice). *Statistically significantly different from wild-type, P , 0.05. PAPSS1/2 knockdown inhibits all cellular sulfonation reactions, including both those catalyzed by SULTs and those catalyzed by the membrane-bound sulfotransferases. Because Sult2a1 promoter activation in PAPSS1/2 knockdown cells was at least partially attributable to activation of the bile acid-sensing nuclear receptor FXR and because SULT2A1 is the only human SULT that catalyzes bile acid sulfonation, we hypothesized that specific knockdown of SULT2A1 might recapitulate the effect of PAPSS1/2 knockdown on Sult2a1 promoter activity. Figure 7A shows successful knockdown of SULT2A1 in a HepG2 clone stably expressing a SULT2A1-targeting shRNA. When shSULT2A1 cells were transiently transfected with the reporter containing 1202 nt of the Sult2a1 59-flanking region, luciferase activity was significantly increased relative to the activity measured for the reporter containing 128 nt of the 59-flanking region. When the IR0 motif was mutated, reporter activity was significantly attenuated. Therefore, knockdown of SULT2A1 had the same impact on Sult2a1 promoter activity as did PAPSS1/2 knockdown.
Discussion
The importance of sulfate as a determinant of metabolic homeostasis is clearly demonstrated by the impact that loss of the NaS1 transporter has on a host of physiologic processes. NaS1 plays a key role in determining whole body sulfate levels, and much of this effect is mediated in the kidney, where sulfate is freely filtered and reabsorbed in the proximal tubule. NaS1 is expressed on the brush border membrane of proximal tubular cells, and it cotransports sodium and sulfate into the cells (Markovich, 2011b) . The sulfate is then transported across the basolateral membrane of the proximal tubular cells into the blood by the sulfate anion transporter (Sat1, slc26a1) (Markovich, 2011b) . In mice, NaS1 is also expressed at high levels in intestine (Beck and Markovich, 2000) . NaS1-null mice have been shown to exhibit the following changes: 1) reduced renal and intestinal sodium and sulfate cotransport (Dawson et al., 2003) ; 2) increased urinary sulfate excretion and decreased serum sulfate levels (Dawson et al., 2003) ; 3) retarded growth accompanied by decreased serum IGF1 levels (Dawson et al., 2003) ; 4) lower fertility of females (Dawson et al., 2003) ; 5) development of spontaneous clonic seizures (Dawson et al., 2003) ; 6) increased hepatic phenol sulfotransferase activity (Dawson et al., 2003) ; 7) increased serum levels of several bile acids (Dawson et al., 2003) ; 8) hepatomegaly (Dawson et al., 2003) ; 9) reduced serum levels of dehydroepiandrosterone and dehydroepiandrosterone sulfate (Dawson et al., 2008) ; 10) increased hepatic lipid levels ; 11) increased serum cholesterol and low-density lipoprotein levels and decreased hepatic glycogen levels ; 12) increased hepatic expression of several genes involved in lipid metabolism as well as two SULT genes, Sult3a1 and Sult2a2 ; 13) increased sensitivity to acetaminophen-induced hepatotoxicity accompanied by decreased urinary acetaminophen-sulfate to The shNT and shPAPSS1/2 cells were transiently transfected with reporter plasmid containing 128 or 1202 nt of Sult2a1 59-flanking region or 1202 nt of Sult2a1 59-flanking region but a mutated IR0 motif (n = 6 wells per group, derived by combining data from two independent experiments with triplicate transfections). Forty-eight hours after transfection, the cells were harvested for measurement of luciferase activities. For each cell line, each bar represents the mean 6 S.D. normalized (firefly/Renilla) luciferase activity relative to the activity that was measured for the reporter containing 128 nt of Sult2a1 59-flanking region. For shNT cells, the groups not sharing an uppercase letter are statistically significantly different from each other, P , 0.05. For shPAPSS1/2 cells, the groups not sharing a lowercase letter are statistically significantly different from each other, P , 0.05.
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at ASPET Journals on June 24, 2017 dmd.aspetjournals.org acetaminophen-glucuronide ratio and decreased hepatic glutathione levels, indicating increased oxidative metabolism to the toxic Nacetyl-p-benzoquinone imine metabolite (Lee et al., 2006) ; 14) altered spatial memory, olfactory function, and behaviors (Dawson et al., 2004 (Dawson et al., , 2005 ; 15) decreased intestinal sulfomucin content, increased dextran sulfate sodium-induced colitis, and decreased intestinal barrier function (Dawson et al., 2009 ); 16) increased tumor growth and vascularization and decreased tumor core necrosis, collagen content, and immunoreactivity to heparan sulfate and chondroitin 4-sulfate epitopes (Dawson et al., 2010) ; and 17) increased life span accompanied by fewer hepatic tumors (Markovich et al., 2011) .
In this study, we found that Sult2a1 mRNA was markedly and selectively upregulated in the livers of 8-week-old female NaS1 2/2 mice relative to NaS1 +/+ mice, indicating that this SULT is distinctively sensitive to the hyposulfatemic signal(s) in hepatocytes. In the previous study characterizing hepatic gene expression in NaS1-null mice, gene expression was evaluated in 4-week-old male mice . We used female mice because Sult2a expression is known to be higher in adult female relative to adult male mice, and this may explain why we observed a much larger effect on Sult2a expression than was previously observed. In addition, we used a quantitative reverse transcription-polymerase chain reaction (qRT-PCR) assay designed to measure Sult2a1 mRNA selectively relative to other Sult2a subfamily members (Kocarek et al., 2008) .
The hyposulfatemia phenotype was accompanied by reduced serum levels of dehydroepiandrosterone sulfate (Dawson et al., 2008) as well as by decreased production of acetaminophen-sulfate after acetaminophen administration (Lee et al., 2006) , suggesting that NaS1-null mice had decreased capacity for catalyzing sulfonation reactions. Because the sulfotransferase reaction is dependent not only on cellular sulfate levels but also the availability of the obligate cofactor PAPS, Fig. 4 . Effect of PAPSS1/2 knockdown on nuclear receptor signaling pathways in HepG2 cells. shNT and shPAPSS1/2 cells were transfected with the indicated nuclear receptor-responsive reporter plasmids. Forty-eight hours after transfection, cells were harvested for measurement of luciferase activities. Each bar represents the mean 6 S.D. of the normalized luciferase activities obtained in three separate experiments. For each reporter, the mean value for the shNT group is defined as 1. *Statistically significantly different from shNT cells transfected with the same reporter, P , 0.05. Twenty-four hours after transfection, the cells were treated for 24 hours with 0.1% DMSO or the indicated nuclear receptor agonist (all at 10 mM except ciprofibrate, which was 100 mM). (E) Together with the reporters, cells were transfected with either pcDNA3.1 (empty vector control) or RORa1 expression plasmid. Fortyeight hours after transfection, the cells were harvested for measurement of luciferase activities. Each bar represents the mean 6 S.D. of normalized (firefly/Renilla) luciferase activities (n = 6 wells per group, derived by combining data from two independent experiments with triplicate transfections). For transfections with positive control reporters, the mean value for the DMSO-treated or pcDNA3.1-transfected group is defined as 1. For transfections with Sult2a1 reporters, the mean value for the DMSO-treated or pcDNA3.1-transfected group transfected with the Sult2a1 reporter with intact IR0 is defined as 1. *Statistically significantly different from the DMSO-treated or pcDNA3.1-transfected group transfected with the same reporter, P , 0.05.
we hypothesized that the Sult2a upregulation that occurred during hyposulfatemia was an adaptive response of the hepatocyte to loss of PAPS. To test this hypothesis, we developed a HepG2 model of reduced hepatic sulfonation capacity by knocking down both of the PAPSS enzymes that catalyze formation of PAPS.
We found that Sult2a1 promoter activity was increased in shPAPSS1/2 cells when the 59-flanking sequence contained an intact IR0 motif. This upregulation was at least partially attributable to FXR activation as indicated by 1) activation of an FXR-responsive reporter in shPAPSS1/2 cells, 2) activation of the Sult2a1 promoter by both PAPSS knockdown and an FXR agonist, and reduction of these responses when the IR0 motif was mutated, and 3) attenuation of Sult2a1 promoter activation by FXR knockdown in shPAPSS1/2 cells. The upregulation after reduction of global sulfonation capacity was also at least partially attributable to loss of SULT2A1 activity because SULT2A1 knockdown also led to activation of the Sult2a1 promoter, and the response was attenuated when the IR0 motif was mutated. Because SULT2A1 is known to catalyze bile acid sulfonation (Radominska et al., 1990) and FXR is a bile acid-activated nuclear receptor (Makishima et al., 1999; Parks et al., 1999; Wang et al., 1999) , it seems likely that loss of bile acid sulfonation and accumulation of nonsulfonated bile acids causes FXR activation and Sult2a1 promoter activation in an attempt to restore bile acid homeostasis.
FXR has been shown to play a role in maintaining sulfate homeostasis in the mouse kidney and intestine. Lee et al. (2007) reported significantly higher renal NaS1 and Sult2a1 mRNA levels in mice after treatment with GW4064 or a-naphthylisothiocyanate, a hepatotoxin that is known to increase circulating bile acid levels, and identified NaS1 as a novel target gene of FXR. When FXR was knocked out, basal expression of renal and intestinal NaS1 was significantly reduced, and a-naphthylisothiocyanate treatment did not increase NaS1 expression. Renal basal expression of Sult2a1 mRNA was also significantly lower in FXR knockout mice. These data suggest that when circulating bile acids are elevated, FXR activation in the renal tubular cells causes increased reabsorption of sulfate and sulfotransferase capacity to increase the excretion of sulfonated-bile acids in the urine (Lee et al., 2007) . Thus, a similar mechanism may occur in the hepatocytes to normalize bile acid levels.
Our data indicate that FXR and the IR0 play major roles in the activation of Sult2a1 promoter activity that occurs after PAPSS1/2 or Half the cells were cotransfected with NT siRNA, and half were cotransfected with FXR siRNA. Forty-eight hours after transfection, the cells were harvested for measurement of luciferase activities. Results are shown for one representative experiment; comparable results were obtained in two additional experiments. Each bar represents the mean 6 S.D. of normalized (firefly/ Renilla) luciferase measurements (three wells per treatment). In panel A, the mean value for the DMSO-treated, NT siRNA-transfected group is defined as 1. *Statistically significantly different from the DMSO-treated group transfected with the same siRNA, P , 0.05. In panel B, the mean value for the group transfected with the reporter containing 128 nt of Sult2a1 59-flanking region and NT siRNA is defined as 1. *Statistically significantly different from the NT siRNA-transfected group transfected with the same reporter, P , 0.05. dmd.aspetjournals.org SULT2A1 knockdown but also suggest that the FXR-IR0 interaction is not the sole mediator of the increase because neither knockdown of FXR nor mutation of the IR0 abolished the increase. Mutation of the IR0 also significantly reduced Sult2a1 promoter activity in the control shNT cells, which might be attributable to a small amount of FXR activation that is produced by the basal level of unconjugated bile acids in HepG2 cells.
It is noteworthy that endogenous SULT2A1 expression was not increased by PAPSS1/2 knockdown in the HepG2 model (unpublished data), demonstrating an important species difference in SULT2A regulation. SULT2A1 lacks an IR0 motif, and regulation of hepatic SULT2A by nuclear receptors that use the IR0, such as PXR and FXR, is different in human and rodent hepatic cells. For example, Song et al. (2001) reported that the potent bile acid agonist of FXR chenodeoxycholic acid activated rat SULT2A promoter activity in transfected HepG2 and Caco-2 cells through the IR0 motif, and Miyata et al. (2006) reported that treatment with chenodeoxycholic acid or GW4046 suppressed SULT2A1 expression in HepG2 cells. Also PXR activates rat and mouse SULT2A expression through the IR0 motif (Runge-Morris et al., 1999; Sonoda et al., 2002; Echchgadda et al., 2004a) but suppresses expression of human SULT2A1 in primary cultured human hepatocytes (Fang et al., 2007) . In a microarray experiment to identify genes that are regulated by PAPSS1/2 knockdown, we noted that UDP-glucuronosyltransferase 2B4 (UGT2B4) expression was upregulated (Barrett et al., manuscript in preparation). Because UDP-glucuronosyltransferase 2B4 is known to glucuronidate some bile acids, activation of bile acid glucuronidation, rather than sulfonation, might be the way that human hepatic cells respond to loss of bile acid sulfonation.
PAPSS1/2 knockdown also caused activation of ROR signaling. However, increased ROR signaling, as achieved by overexpression of RORa1, did not cause Sult2a1 promoter activation. Kang et al. (2007) reported that Sult2a1 expression was markedly (43.5-fold) increased in the livers of RORa/RORg double knockout mice relative to wild-type controls. Therefore, ROR appears to be a suppressor rather than an activator of Sult2a1 expression.
In this study, we have focused on one mechanism that could explain the increased hepatic Sult2a1 expression that occurs in NaS1-null mice and acknowledge that there might be others. For example, loss of sulfate could also be expected to impact sulfur-containing amino acids, including cysteine, a component of glutathione. Therefore, loss of glutathione could also contribute to the impact of sulfate depletion on hepatic gene expression. Studies to identify additional mechanisms by which hyposulfatemic regulates human hepatic gene expression are ongoing.
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